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ABSTRACT
Claus, Benjamin J. M.S.A.A, Purdue University, May 2014. Characteristics of Fibrous Tissue at High Rates of Tensile Loading.
Major Professor: Weinong W.
Chen.
The mechanical behavior of fibrous tissue is generally characterized at very low
strain rates. However, many injuries occur at high rates of loading, such as those
encountered in sporting events or vehicle accidents. An understanding of injury behavior requires the injury process to be recorded at high strain rates. Even at low
rates of loading, the injury/failure within tissues occurs quickly. Furthermore, using
conventional imaging systems, the surface of a specimen may be well documented
throughout an experiment. However, damage formation does not necessarily begin
at the surface of the specimen or even on the surface exposed to a camera. With
the integration of a tension Kolsky bar and X-Ray Phase Contrast Imaging (PCI),
damage formation within a specimen can be observed without knowledge of when
the damage event occurs and without regard for the opaqueness of the specimen. By
using these two systems at higher strain rates, the damage event can be correlated
with load data, acceleration, and strain rate.

1

1. Introduction
Ligaments fulfill a crucial role for living organisms by providing stiffness and stability
in joints. Although ligaments are not directly responsible for locomotion, they constrain movement and direct applied loads in such a way that a joint can be controlled.
Similar to tendons, ligaments are classified as fibrous tissue and are in many cases
compared directly with tendons with regards to strain rate effects, failure mode, ultimate tensile strength, and elastic modulus. However, there are differences between
the function and construction of the two types of tissues. The main difference is that
tendons have two dissimilar interfaces: one to muscle tissue and the other to bone.
On the contrary, ligaments have two of the same interfaces, both between ligament
and bone. In combination with other ligaments, a joint can be constrained to only a
few degrees of freedom resulting in controllable locomotion of an organism.
In general, tendons and ligaments are characterized at low strain rates under what
are considered equivalent to average daily motion. However, during dynamic events,
the strain rate profile is nowhere near constant and may involve sharp increases and
decreases over a broad range of strain rates. In order to represent the behavior of
a material across any given loading profile, the behavior must first be characterized
across an appropriate strain rate spectrum. While the motion of a joint is in fact
a dynamic event, the relatively low strain rates experienced by the tissues render
strain rate and viscoelastic effects negligible. Although rare, circumstances may lead
to higher strain rates and more severe tissue damage such as during: athletic events,
vehicular collisions, ballistic impact, and explosions.
Since the universe depends on wave propagation at a fundamental level, the concept that matter transmits load information in the form of a wave is reasonable and
is in fact a truth. While the effect of stress waves cannot be seen plainly (since wave
speeds are generally in the thousands of meters per second), human life depends en-
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tirely this prospect. Though many consider air to be a gas or compressible fluid,
fundamentally, air is a material. Normal stresses (pressure) propagate at the speed
of sound and fluctuations in the stress amplitude form sound waves, permitting one
of the primary senses of animals on this planet. Unlike air, solid materials have decreased fluidity resulting from a stiffer shear response. However, the basic mode of
information transmission is still that of the stress wave. This can be determined from
a simple experiment involving striking an object with a hammer. The resulting ping
is emitted at a frequency and amplitude determined by the size of the hammer and
the velocity at which the hammer struck the object, and is a result of the stress wave
partially transmitting into the surrounding air forming sound waves.
This simple truth about the universe begs the question of how materials respond
to intense local stress states. In fibrous materials such as tendons and ligaments,
the stress wave must be distributed across the individual collagen fibers, which is
entirely dependent on the end boundary conditions: the insertion site of the tendon
or ligament. While globally the tissue may transmit load, locally, the tissue may fail;
and as strain rate increases, the extent and form of damage may change significantly
due to the propagation of a stress wave through complex geometry.

1.1

Biological Materials

1.1.1

Consistency

Biological materials represent a significant challenge in characterizing material
properties. Since each organism is genetically different and leads a different lifestyle
with different personality and nutritional habits, the tissues in any one organism
may be significantly different from another. With other factors such as age and
handedness, the variation between any two specimens grows continually. The result
is a large scatter in experimental data which cannot accurately be explained by any
one model and often requires statistical analysis and prediction models.

3
1.1.2

Fibrous Tissue

Fibrous tissue has been qualitatively characterized as fasciculi of collagen fibrils
of which the smallest component short of the atomic scale is the tropocollagen triple
helix of amino acids (Figure 1.1) [1]. However, collagen fibers are crimped with a
specific purpose: to provide flexibility while constraining motion. The flexibility and
resilience of fibrous tissue has led to its in vivo use by organisms in multiple tissues
including tendons, ligaments, and bone [2].

Figure 1.1. The structure of collagen fiber, the base component of
tendons and ligaments. Reproduced from [1] with permission from
Elsevier.

Tendons and ligaments in particular exhibit crimping on the microscopic scale.
Although the molecular structure is of the form of a helix, the collagen fiber itself has
been shown to have helical geometry in its undeformed state [3]. This observation
has helped explain the peculiar elastic nature of this type of fibrous tissue in which
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progressive loading of collagen fibrils results in a concave upward stress-strain curve
until individual fibers begin to fail (Figure 1.2) [3–5].

Figure 1.2. A stress-strain curve of the achilles tendon. Reproduced
from [4] with kind permission from Springer Science and Business
Media.

While the explanation and modeling of the extension of a crimped fiber is trivial
[3, 6], the integration up to the overall behavior of a tendon or ligament is not. A
simplistic model may account for crimping with the assumption that collagen fibers
form a simple blunted sawtooth pattern (Figure 1.3) [6], while other models assume
a helical pattern [3], or use probability of extension models [5, 7].

1.1.3

Tissue Preparation and Storage

Within the bio-materials community, there is significant disagreement surrounding
the storage of tissue. However, there is a general consensus that fresh samples, with

5

Figure 1.3. A blunted sawtooth representation of collagen fiber crimping. The edge of a tooth of length L with incident angle of θ is blunted
by a fraction of the sawtooth length (bL). Reproduced from [6] with
permission from Elsevier.

Figure 1.4. A stress-strain curve (experimental data and fitted model)
exhibiting rupture as the primary failure mode. Reproduced from [5]
with permission from Elsevier.

6
minimal storage or wait time, are best for characterizing a tissue. Without a supply
of the necessary media for life (oxygen and nutrients), the life processes within living
cells cease to continue, culminating in cells which are unable to repair damage and
resist bacterial infection. As the process continues, individual cells can be destroyed
and consumed by inferior organisms. Furthermore, excised tissue exposed to an alien
environment may experience a change in chemical composition. For example, an
excised ligament will become desiccated with exposure to air resulting in much higher
elastic modulus [8].
In general, tissue must be kept hydrated in order to maintain the in vivo properties.
For fibrous tissues (tendons, ligaments, etc.), saline solution is generally regarded
as harmless. However, incorrect treatment will still result in undesirable material
changes which ultimately alter the mechanical response of the tissue. For example,
results of experiments conducted in [9] and [10] show that storage in saline will result
in elevated water content which induces stronger tensile response. While the presence
of variation caused by storage method and media presents another variable to be
considered, strict use of fresh tissue specimens is not necessary. However, care should
be taken whilst comparing data from experiments conducted on fresh and previouslystored specimens [11]. That is not to say that a specimen kept hydrated, but exposed
for an extended period of time will provide consistent results. In fact, tissue decay
plays a major role in the mechanical behavior of fibrous tissue, typically resulting in
an increase of elastic modulus [12].

1.1.4

Fixtures

Unlike compression experiments, tension experiments require fixtures to maintain
orientation and loading of a specimen. However, while a set of fixtures may provide
desired orientation and loading, the results of the experiment may be skewed. The
act of contacting a specimen with a measurable traction force inevitably introduces
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additional internal stresses, potentially resulting in failure of the specimen near the
fixture site.
When dealing with tissue, specifically fibrous tissue, the boundary conditions must
be selected carefully. Due to the nature of fibrous tissue being comprised of a network
of smaller fibers, uniform loading cannot be achieved using conventional clamping
mechanisms such as those used in [4, 8] (Figure 1.5). While clamping directly onto
a specimen would provide a direct means of applying load, several concerns crop
up: specimen slippage out of the clamp, premature failure near clamps due to stress
concentrations, and in the case of hydrated tissues; fluid can be compressed out of
the specimen and deforming the organic matter: further weakening the specimen near
the clamping sites.

Figure 1.5. An example of fixtures clamping directly onto a tendon.
Reproduced from [4] with kind permission from Springer Science and
Business Media.

A more appropriate approach for studying failure involves preserving the original insertion site of the specimen where the (fibrous) tissue is naturally attached to
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bone. This method ensures that each fiber within the specimen will be loaded at the
correct time as would be in vivo during nature loading of the specimen. However,
the proper orientation must be maintained for the true fiber loading sequence to be
maintained, but is not entirely possible considering the purpose for fibrous tissue is
often to maintain proper motion of a joint.
Among these modern methods for securing fibrous tissue is casting adjacent bone
within resin (Figure 1.6) [13–16]. Not only does this method provide a secure grip on
the specimen, but stress concentrations from clamps can be eliminated. However, this
approach usually requires careful excision of bone in close proximity to the tendon or
ligament which may take more time than is desired for experimentation of biological
tissues.

Figure 1.6. An example of the bone surrounding an insertion site suspended by resin. Reproduced from [14] with permission from Elsevier.

The most common, and arguably easiest approach to applying load to a tendon
or ligament is by clamping directly to bone (Figures 1.7, 1.8) [17–21]. In the case
of the medial collateral ligament, a clamp would be applied to both the femur and
tibia. Since the adjacent bones are much larger (and potentially much stronger) than
the tendon or ligament, stress concentrations introduced by clamps or screws can be
safely ignored.
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Figure 1.7. An example of clamping the bones adjacent to a ligament.
Reproduced from [18] with permission from JBJS and Rockwater, Inc.

Figure 1.8. An example of fixtures that maintain orientation of a
specimen prior to loading. Reproduced from [21] with permission
from John Wiley & Sons, Inc.

An important fact to consider when designing a fixture is the method of loading.
For quasi-static experiments, large bulky clamps present no obstacle other than their
size. However, for dynamic experiments, both the mass and geometry must be taken
into account. If the specimen is small, the inertia of adjacent bones and clamps
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can easily mask response of the specimen in any load cell or strain gage. Also, the
geometry and any extraneous interfaces may cause interference with the propagation
of stress waves intended for loading the specimen. More specifically for Kolsky bar
experiments, the fixtures must both match the impedance of the incident and/or
transmission bars and utilize a minimum of interfaces. A strict interpretation of
these rules of thumb will provide simplified wave analysis and data reduction for
Kolsky bar experiments.
Many factors other than stress concentrations, mass, and geometry may also effect
the choice and design of fixtures. A crucial factor in experiments involving biological
tissues is time. In this case, the progression of time not only leads to the decay of
tissue, but also the potential loss of a limited amount of beam time at the Advanced
Photon Source, Argonne National Laboratory. With all factors considered, the final
fixtures consisting of minimum mass and interfaces, a simple section of material of
similar impedance to the Kolsky bar provides the transmission of load to the specimen
(Figure 1.9). A simple hole at the opposite end of the threaded attachment to the
bar provides enough room for the femur or tibia of either a juvenile or adult rat to
be epoxied into position. While the amount of time to apply and cure a fast epoxy
is comparable to a screw operated clamp, the fewer interfaces (clamp jaws, screw
threads), provide more ideal media (fewer interfaces) for a stress wave to propagate
through.

Figure 1.9. Fixture with similar impedance to incident and transmission bar. In the case of the medial collateral ligament, the femur and
tibia are secured with epoxy.
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1.2

Rate Sensitivity and Specimen Failure
Many materials exhibit rate sensitive behavior. That is, as the rate of elonga-

tion (or compression) increases, properties such as elastic modulus, yield strength,
failure strength, and failure mode begin to change. This is especially true for softer
materials which more easily flow under an applied load. The phenomena known as
viscoelasticity plays a larger role in the mechanical response of soft materials than
in hard/brittle materials. In general, a material exhibiting viscoelastic behavior will
show time dependent material response: creep/relaxation, hysteresis, and varying
stiffness with increasing loading rate.
Fibrous tissues exhibit two main failure modes: avulsion and rupture. Avulsion
occurs when fibers pull out from their insertion sites in bone tissue. Rupture occurs
when individual fibers fail mid-length, and can be referred to as tearing if the tendon
or ligament did not completely fail. As with most materials, failure begins at the
microscopic level, but damage may propagate in either of the failure modes resulting
in a severely damaged specimen exhibiting both avulsion and rupture sites. However,
final failure occurs at the weakest point which defines the primary failure mode and
the failure criteria.
The failure criteria of fibrous tissue has been generalized based on relative age
of the specimen [16] rather than strain rate. Macroscopically, a tendon or ligament
appears to have a relatively homogeneous distribution of fibers and fiber orientation.
Microscopically, local crimp patterns and defects become apparent. Near the insertion
sites, fiber distribution and local insertion may vary greatly [2]. For both low and
high loading rate events, local aberrations in geometry cause vast dispersion and
concentrating portions of the load at many points of the interface. Globally, the
average load has not changed, but locally, failure is more imminent in some places
than others. However, sharp wave fronts result in compatibility related failure due to
high accelerations.
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Even at low rates of loading, failure is often a very fast event (Figure 1.10). As the
strain rate increases, the experiment duration decreases approaching the timescale of
the failure event. In other words, because observing the failure of a specimen requires
both high sampling rates and high frame rates, data from quasi-static and low strain
rate experiments quickly becomes over whelming. To reduce this problem, higher
strain rates may be used, but may also produce unexpected results due to strain rate
effects. Although, as the experiment duration approaches the timescale of the failure
event, less data need be recorded and a higher success rate of capturing the failure
event is possible.

Figure 1.10. Abrupt failure of high performance failure. Reproduced
from [22] with permission from Elsevier.

1.3

Kolsky Bar
Typical Kolsky bar experiments are dependent on a number of factors: impact

velocity, stress equilibrium, and strain rate. Each of these factors can be explained
both qualitatively and quantitatively. However, unlike other mechanical experimental methods, the Kolsky bar technique must be learned and mastered as it requires
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a practical understanding of how to generate constant strain rate achieve stress equilibrium conditions.
A basic analysis of a specimen in tension will reveal a dependence on the applied
force with the assumption of negligible motion or zero acceleration (static analysis). However, since the application of any given material (including tendons and
ligaments) involves motion, analysis should begin with the equation(s) of motion, including the effects of inertia. While a load frame may be able to load a specimen at
up to a velocity (v) of 1 m/s, the maximum strain rate may be orders of magnitude
smaller due to dependence on the specimen length (LS ) (Equation 1.1).

˙ =

v
Ls

(1.1)

Short of locating a tendon or ligament of sufficiently short length to result in higher
strain rates at relatively low velocities, an alternative apparatus can be utilized to
generate faster loading velocities. Even though the maximum strain rates achievable
during athletic events is thought to be around 1/s [23], extension rates during acceleration and deceleration can exceed the steady state values. Shifting apparatus from
a low-velocity system to one capable of higher velocities (5 m/s to 30 m/s) allows a
more thorough study of the effects of strain rate and acceleration on a material.

1.3.1

Wave Propagation

The Kolsky bar experiment relies on a phenomenon referred to as a stress wave.
The stress wave is simply a pressure wave that propagates through the material and
is synonymous with sound waves in air. There is little difference between stress wave
propagation in solids, liquids, or gases; all exhibit the same characteristics: surface
friction, normal stress (pressure), and shear stress. The main difference between these
three phases of matter is that intermolecular/interatomic bonds become weaker and
individual molecules grow further apart as the phase changes from solid to liquid and
to gas, resulting in less significant shear responses and slower wave speeds.
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The concept of a stress wave is an important one and is directly related to how
the universe handles information propagation through matter. This phenomena is
not obvious during experiments in which the loading rate is much slower than that
of the wave speed, but is important none the less. The partial differential equation
(Equation G.1) governing wave propagation has been know for quite some time, out
of which a simple relationship (Equation 1.2) between stress state (σ), wave speed
(c), and particle velocity (v)can be derived within the elastic regime.

v=

σ
cρ

(1.2)

Analysis of wave propagation can be greatly simplified with an assumption of
homogeneous material and constant cross-sectional area such as that used in a Kolsky
bar experiment. Excluding infinite and semi-infinite bars, any interface will alter the
transmission of a stress wave through a material, generating four possible conditions
each depending entirely on impedance ratio (Equation G.17, Figure 1.11). The most
important case is that of Figure 1.11 (r 6= 0, 1) , which accurately describes the
interface between the incident/transmission bar and the specimen.

1.3.2

Data Reduction and Analysis

In the interest of characterizing a material or simply acquiring a stress-strain
curve at a certain strain rate, a Kolsky bar is typically constructed of materials
much more rigid than that of the specimen. In general, Kolsky bars are constructed
using common linear elastic materials such as steel or aluminum. The use of linear
elastic materials allows for simplification of the equations of motion to yield linear
relationships between stress state in the bars, displacement of the bar end, and time.
Utilizing a simple assumption relating particle velocity (incident:vI , reflected:vR , and
transmitted:vT ), specimen length (LS ), and strain rate ()(Equation
˙
1.3, Figure 1.12),
the strain rate in the specimen can be found, following which time integration will
yield the specimen strain. In typical Kolsky bar experiments, the specimen stress
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Figure 1.11. Impedance ratios (r) for various interfaces: (r = 1) Two
bars of the same size and material. (r = 0) A single bar with a free
surface. (r 6= 0, 1) Two bars of different size or material. (r = ∞) A
bar with one fixed end.

(σ) can be found by rescaling the transmitted stress (σT ) according to the area ratio
between the specimen (As ) and transmission bar (AT )(Equation 1.4).

˙ =

vT − (vI − vR )
v2 − v1
=
Ls
Ls

Figure 1.12. A tension Kolsky bar with specimen.

(1.3)
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σS = σT

AT
AS

(1.4)

However, for the modified Kolsky bar experiment, the transmitted stress is measured is measured by a load cell such that the specimen stress (σS ) can be directly
calculated from the measured force (FLC )(Equation 1.5). Furthermore, the lack of
a transmission bar and a semi-rigid force transducer results in a simplification of
Equation 1.3 where the transmitted particle velocity (vS ) can be assumed to be zero
(Equation 1.6. Similarly, the specimen strain (S ) is calculated via a time integral,
but is no longer depended on the transmitted portion of the wave.

σS =

˙ =

FLC
AS

vI − vR
Ls

(1.5)

(1.6)

17

2. Materials and Methods
Early ambitions for this project were to study the interface between two dissimilar
tissues. After considering the different methods for gripping tissues without causing
damage, the conclusion was drawn that the gripping process would be much simpler
with hard tissue. Such a conclusion narrows the scope of the project significantly
to the ligament-bone interface, part of a widely studied field. With the intention
of observing damage formation on the microscopic level at Beamline 32ID at APS,
Argonne National Laboratory as an exploration and development of a new technique,
and given a window size of approximately 1 mm square, a small enough specimen
was necessary in order to observe a through-thickness failure event via loading from
a modified tension Kolsky bar within the viewing window. Subsequent searching led
to the selection of the medial collateral ligament of knee from both adult and juvenile
rats. The medial collateral ligament, an ideal choice of tissue due to the presence of
bone on both ends of the specimen, simplifies the method and removes the possibility
of artificial damage or treatment required for gripping the specimen.
Transcending these trivial considerations regarding the handling of a ligament
during loading, the desired results and the usefulness of data collected from these
experiments draws special consideration. The study of a tissue interface contributes
many factors to science. As with other materials, interfaces determine the ability of
a structure to carry load, but may also bear unintended ramifications. For example, metallic components can undergo galvanic reactions, depreciating the strength of
the interface as well as material adjacent to the interface. Relative to fibrous tissue,
the insertion and calcification of collagen fibers into a boney mass may introduce
additional variables determining the overall strength of the interface, but may also
negatively effect the compatibility between the two materials. With this considera-
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tion, the overall response of the bone-ligament-bone structure may show significant
difference in material response when exposed to high amplitude stress waves.

2.1

Specimen Preparation
Each tissue sample was acquired post-mortem from the Purdue Department of

Health Sciences and Purdue College of Pharmacy after tissues required for their primary studies had been excised. In the process, all of the rat carcasses had been
frozen immediately after the initial study and kept frozen until the week prior to the
assigned beam time at Beamline 32ID. With a lack of sub-zero storage equipment and
in order to minimize waste of beam time, each specimen was excised at Purdue two
days prior, wrapped in saline-soaked gauze and frozen at -20 Celsius within polymer
vials (Figure 2.1). During transport to APS, every specimen vial was placed within
a 20 kg dry-ice shipping container provided by Covance (Figure 2.2).

Figure 2.1. Prepared specimen wrapped in saline soaked gauze.

Upon arrival at Beamline 32ID, each specimen was rapidly thawed in warm water,
removed from the protective gauze wrapping, and photographed with a 10 Mega-Pixel
camera providing 20 micron per pixel resolution (Figure 2.3). A total of two informative images were required for each specimen; one providing the length and width,
the other providing the thickness of the specimen. Immediately following preparation
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Figure 2.2. A schematic of the specimen shipping container supplied by Covance.

and measurement, each specimen was fixed within the fixtures using a cyanoacrylate
adhesive and accelerator (Figure 1.9). Upon curing of the adhesive, the specimen
was aligned using a 4 degree of freedom stage assembly with x-y-z translation and
z-rotation. Further experiments were also conducted at Purdue University without
high speed imagery as part of a rate sensitivity study consisting of solely juvenile tissue specimens. These experiments included the use of the aforementioned modified
tension Kolsky bar and a quasi-static material testing system.
The resulting data and imagery for each of the experiments conducted at APS
Beamline 32ID was processed and correlated for identification of the failure process.
After data reduction, the following values are available for analysis: time, strain, and
stress. For the experiments including imagery, each frame can be directly correlated
with the stress as both a function of time and strain. With complete stress-strain
curves a simple tension model could be build which describes the behavior of the
specimen in tension [24, 25]. The simple tension model (Equation 2.1) is dependent
on the specimen stretch (λ =  + 1) and two fitting parameters (C1 and C2 ).
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Figure 2.3. Medial collateral ligament of rat knee held up to a 1/64th inch rule.

σ/(λ − λ−2 ) = 2C1 +

2C2
λ

(2.1)

While the Mooney-Rivlin simple tension model is simplistic, the small number
of fitting parameters provides a means to identify trends within data that is otherwise widely scattered. That is, since experimental data from biological tissues varies
greatly from specimen to specimen depending on a large number of variables, fitting a simple curve allows an analysis of the trends of the fitting parameters. These
trends can involve many factors, but in this case, the factor of interest is strain rate
sensitivity. Furthermore, although this equation was derived with the assumption of
an isotropic material, the simple tension model also assumes unidirectional behavior
identical to the assumption made during a Kolsky bar experiment. Essentially, the
transverse response of the ligament is assumed to have negligible effect on the axial
response of the specimen in order to utilize this tool.
As a simple derivation, this equation does account for the effect of strain rate.
Short of deriving a strain rate based model from a strain energy equation, the assumption that the coefficients C1 and C2 are not independent variables can be made.
However, unlike the study in [26], the assumption here is that the coefficients are
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strain rate dependent, not temperature dependent. The procedure following this assumption is simplistic and involves two sets of curve fitting. Allowing for data across
a broad spectrum of strain rate (),
˙ a model can be developed for each specimen
individually, and them once again for each of the coefficients (Equation 2.2).

C1 ()
˙ = C10 ˙C11

(2.2)

C2 ()
˙ = C20 ˙C21
However, as presented, Equation 2.1 represents the instantaneous response of a
specimen. In order to capture the effects of acceleration and deceleration experienced
during the passage of a stress wave, the derivative of Equation 2.1 must be taken.
The derivative is a function of stretch (λ), stretch rate (),
˙ and stretch acceleration
(˙˙). Numerical integration of experimental strain data results in a curve that displays
the effects of unloading at various rates.

∂σ
C2
1 ∂λ
∂C1 1 ∂C2 C2 ∂λ 2 1
= 2(C1 +
)(2λ + 2 )
+ 2(
+
− 2
)(λ − )
∂t
λ
λ ∂t
∂t
λ ∂t
λ ∂t
λ
2.2

(2.3)

X-Ray Phase Contrast Imaging
Imaging of opaque materials presents several issues when trying to capture the

failure event of a specimen. The main limitation of visual light imaging systems is
the restriction of observing solely surface effects. For many materials and specimen
geometries, damage formation may begin in the interior of the specimen. In addition,
the relatively long wave length of visual light allows for fairly rapid dispersion and
diffraction, decreasing clarity of fine details in the image. An alternative to visual
light imagery is phase contrast imaging (PCI). By utilizing highly coherent, high
energy x-rays, a highly detailed through-thickness image of a specimen can be obtained, allowing for advanced diagnostics in materials research [27]. Since x-rays are
able to penetrate relatively low density materials, material changes during dynamic
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events become highly apparent allowing for qualitative and quantitative analysis of
the damage formation and failure of fibrous tissue.
Beamline 32ID at the Advanced Photon Source, Argonne National Laboratory is a
chain of three lead encased hutches; the first houses control mechanisms for the x-ray
beam, the second contains equipment suitable for high speed phase contrast imaging
and diffraction (Figure 2.4), and the third a microscope for nano-tomography. Only
the first two hutches were available and used during the assigned beam time at 32ID.

Figure 2.4. Hutch 32-ID-B at APS, ANL.

Within the hutch, a system of devices controls the experiment, all of which is
orchestrated by a series of digital signal generators (Figure 2.5). After the Kolsky
bar had been fired multiple times and the timing between the firing initiator and the
first stress wave signal had been accurately determined, a system of digital signal
generators was assembled to generate the following procedure for high speed image
capture:
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Figure 2.5. The timing sequence utilized during experiments at Beamline 32ID. Reprinted with permission from [27]. Copyright 2013, AIP
Publishing LLC.

Kolsky Bar Firing Process
t−3
t−2
t−1
t0
t1
t2

Firing solenoid valve open
Show shutter begins opening
Slow shutter open
Strain gage signal triggers camera
Slow shutter begins to close
Slow shutter closed

The beam line contains multiple shutters, the most important of which is located
in the first hutch requires seconds to open and shut. Thus, this shutter is opened prior
to and closed after the experiment. Since a camera cannot be exposed directly to the
x-ray beam, a scintillator is utilized to project visible light into the camera’s optics.
Being a material that partially absorbs ionizing radiation, the scintillator must not
be exposed to the beam for too long should it begin to burn. This requires the use
of a smaller shutter (the slow shutter) which requires approximately 60 ms to open
(or close). Considering the Kolsky bar’s striker requires 190 ms from firing to bar
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impact, a digital signal generator creates a sufficient delay such that the slow shutter
is open by the time the stress wave begins loading the specimen.
This method of imaging introduces another series of problems related to specimen
positioning. The x-ray beam is approximately 1 mm square. This requires that the
entire apparatus be positionable to within that window. The most widely employed
means of positioning equipment at APS is via a motorized table with 3 degrees of
freedom. A combination of actuator and encoder can produce a linear positioning
capability with 10 micron accuracy, greatly simplifying the process of positioning the
specimen.

2.3

Modified Tension Kolsky Bar
The higher strain rate experiments (400/s - 700/s) were conducted using a modi-

fied tension Kolsky bar (Figure 2.6). The use of the type of Kolsky bar was required
due to both space restrictions at Beamline 32ID-B, Argonne National Laboratory and
the impedance of the specimen. Since material failure is a very quick event, often
with speeds near the elastic wave speed of the material, the use of higher strain rates
in order to capture the failure event within a known timeframe limits the choice of
current loading apparatus. Instead of attempting to construct a new unique apparatus for these experiments, a modified tension Kolsky bar is a justified choice in order
to accurately measure load data from the experiment [22, 28, 29].
The hutch (Figure 2.4), allows for a maximum of 3 meters from beam to door.
While leaving room for maneuvering within the hutch, the incident bar length is
limited to approximately 2.5 meters as the striking mechanism is integrated concentrically over the incident bar. On the opposing side, there is less than 1 meter between
the beam and the wall, requiring the use of a load cell in place of the transmission
bar.

25

Figure 2.6. The modified tension Kolsky bar.

2.4

Quasi-Static Material Testing System
The quasi-static machine (Figure 2.7) is hydraulically powered and can supply

several tons of force, but is limited to rates under 1 m/s due its bulk. The nature of
this machine makes it the perfect tool for analyzing low strain rate behavior such as
creep and relaxation via force or displacement control. Utilizing displacement control,
strain rates below 1/s can be kept consistent with very little variation.

Figure 2.7. The material testing loadframe.
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3. Results
Experiments on the medial collateral ligament of rat knee have yielded multiple sets
of usable data. The first of which is a stress-strain curve which not only shows the
response of the tissue at a given strain rate, but also includes data on the failure
stress and strain. Furthermore, a stress-strain curve may be used to directly identify
the failure mode. The combined set of stress-strain curves allows the characterization
of the strain-rate dependent nature of the tissue. Finally, high speed imagery of the
failure event allows direct observation of the response and failure in conjunction with
the stress state of the tissue.
Since the data from a Kolsky bar is time dependent, each event can be precisely
mapped out as a function of time knowing the wave speed (c) in the bar and the
bar length (LB ). Beginning from the first incident pulse (tI1 ), the first reflected pulse
(tR1 ) can be found using location of the strain gages from the bar end (xsg ) (Equation
3.1). Similarly, subsequent incident and reflected pulses can be found using a similar
method (Equation 3.2). In order to identify the load signal, an approximation of the
duration required for a stress wave to pass through the specimen is necessary (δtS ).
Using a similar equation, the beginning of the load signal (tL1 ) can be identified
(Equation 3.3). Having identified the necessary components of the raw data, data
reduction can proceed as set forth in the introduction and appendix.

tR1 = tI1 + 2 ∗

xsg
c

(3.1)

tI2 = tI1 + 2 ∗

LB
c

(3.2)

tL1 = tI1 +

xsg
+ δtS
c

(3.3)
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3.1

Stress-Strain
Experiments on the medial collateral ligament of rat knee were conducted at strain

rates ranging from 0.01/s to 700/s with the majority in the 400/s to 700/s range. In
the Kolsky bar experiments, there are obvious periods of relaxation of the specimen
due to the passage of the stress wave. Despite the short duration of the loading
period, the specimen is continually loaded until failure. Most of the specimens at the
higher rates exhibited partial failure noticeable by a reduction of stress, but successive
stress waves result in an again increasing stress state until final failure(Figure 3.1).
The passage of these stress waves also results in a period of unloading, noticeable in
Figure 3.1 with regularity. Experiments conducted at quasi-static rates experience
loading at a relatively constant rate with no interruption. As a result, the specimen
does not experience periods of unloading (Figure 3.2).

Figure 3.1. MCL response at 490/s.
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Figure 3.2. MCL response at 1.04/s.

3.2

High Speed Imagery
High speed imagery provides another step of insight passed the stress-strain curves.

While minute strains are not readily apparent, more important features are. For
example: in Figure 3.3 a), vertical striations mark the crimping of individual collagen
fibers that make up the ligament. As time progresses, the striations appear in the
horizontal direction (along the ligament axis) indicating that each of the fibers have
drawn tight. Once the stress level becomes too high, gaps begin to appear between
individual fiber (Figure 3.3 d), which marks the beginning of ligamentous failure.
However, this is not indicative of which failure mode will occur. Since the probability
of capturing a ligament failing by rupture is very low, only those ligaments that fail
by avulsion provide useful information about the failure mode.
Such is the case in Figure 3.4 (Specimen E in the appendix) which clearly illustrates the failure of a medial collateral ligament by avulsion. As the ligament begins
to sustain load, the crimp pattern begins to disappear (Frame 1: First stress wave).
As the load increases, striations appear; these are the first signs of failure with the
fibers separating lengthwise near the insertion site as is evident by the change in shape
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of the force response (Frame 2: Second stress wave). For this specimen, the passage
of another stress wave shows no evidence of further damage in the imagery until the
fourth stress wave which clearly shows separation of the medial collateral ligament
from its femoral insertion site (Frame 4). The sharp drop in the force response during
this loading event indicates the sudden failure of the insertion site. Once initial failure
(avulsion or rupture) has begun, subsequent passes of the stress wave only further
the extent of damage in the primary failure mode. This sequence of failure can also
be seen in Specimens B, C, and D in the appendix.
From analysis of the correlation between damage and load (Figure 3.4), several
phenomena can be addressed. The most notable of which is the relation between stress
and strain, both of which are a function time. Despite the incident stress wave having
a near square profile, the ligaments respond with an almost linear ramp up in stress as
a function of time. This can explained by the ramp-plateau motion of the Kolsky bar
(Figure 3.4 Strain Plot) in which the ramp portion is a direct result of the stress wave
while the plateau indicates the stress wave has passed. Another peculiar phenomena
is the presence in a decrease in strain. Theoretically, the end of the Kolsky bar should
not move after passage of the stress wave, but since the specimen is maintaining a
stress state, the bar will move slightly in relation to the stress level in the specimen.
An interesting observation from Figure 3.4 is that the damage appears to form after
the stress wave has passed, while the specimen is maintaining load prior to the next
stress wave. While a portion of stress relaxation during lulls of the stress wave may
be due to material properties, a portion may also be a result of localized damage
formation within the tissue such as the longitudinal separation between individual
collagen fibers apparent in Frames 3 to 6 in Figure 3.4.

3.3

Uniaxial Tension Model
As a whole, the stress strain curves from both low and high strain rate experiments

represent the strain rate dependent behavior of the medial collateral ligament of rat
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Figure 3.3. Specimen E: A medial collateral ligament at multiple
instances during loading, illustrating the crimped nature of collagen
fibers. Vertical striations apparent in the first frame transition into
horizontal striations indicating the collagen fibers straightened out
due to loading.

knee. Utilization of a simple tension model (Equation 2.1) helps to identify this
behavior. Since the simple tension model involves two independent factors (only one
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Figure 3.4. Specimen E: A correlation of the stress state of the specimen and high speed imagery.
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of which involves the fitting parameters), the specimen stress can be premultiplied
by the other (Equation 2.1), requiring only a linear fit to the resulting premultiplied
data.
Since the Mooney-Rivlin simple tension model is a damage free model, the progression of load can only be analyzed until the first signs of damage. This does not
render the model useless scientifically for the medial collateral ligament. With the
assumption that the Mooney-Rivlin coefficients C1 and C2 are rate dependent, a rate
dependence model can be constructed (Figure 3.7) from data taken at multiple strain
rates, providing evidence as to whether the medial collateral ligament is strain rate
sensitive with regards to stress response. Furthermore, using the strain and strain
rate data from the experiments, Equation 2.3 can be numerically integrated using
experimental data to yield stress strain curves that display the effects of passage of
the stress wave (Figures 3.8 and 3.9).

Figure 3.5. A fitted stress-strain response at a strain rate of 0.01/s.
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Figure 3.6. A fitted stress-strain response at a strain rate of 520/s.

Figure 3.7. Mooney-Rivlin coefficients as a function of strain rate.
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Figure 3.8. Stress-strain prediction at a strain rate of 1.04/s.

Figure 3.9. Stress-strain prediction at a strain rate of 490/s after a single loading.
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4. Discussions
Since experiments conducted with a Kolsky bar are dependent on the propagation of
a stress wave, the results can be directly affected by any perturbations in the path of
the wave. In a finite bar, the stress wave tends to disperse due to out-of-plane effects
and material responses. The effect of dispersion causes the degradation of both form
and amplitude of the stress wave as the strain energy is converted into kinetic energy
(Figure 4.1). Distortion of the stress wave also occurs across an interface and this
is apparent in the signal in Figure 4.1 as both spikes (fixture interface) and higher
frequency waviness (flange interface). While the later does not effect the response
of the specimen, the former can mask the strain rate and strain experienced by the
specimen.
The specimen response at low strain rates follows the expected response of a
fibrous tissue with a gradual toe-in region followed by a faster increase in stress. The
response at higher strain rates is similar, but with the added effects of inertia, which
causes a small hump at the beginning where acceleration is highest. Unlike the low
strain rate experiments, the high strain rate experiments occur over a series of loading
and unloading cycles, after which the specimen may relax partially or entirely to a
zero stress level. The onset of the next loading cycle results in a sharp reloading and
then a continuation of the general shape from the previous cycle (Figure 3.1). This
trend is followed for one or two passes of the stress wave until damage begins to form
within the specimen, causing a stark change in the shape of the stress-strain response.
Once damage begins to form, the specimen response takes on a characteristic
(relatively) constant load profile, similar to that experienced by a thin walled structure
undergoing buckling. During the unloading cycle, the specimen is no longer able to
relax and shows a gradual increase from cycle to cycle until final failure (Figure 4.2).
Each form of damage can be seen in Figure 4.3 where damage first occurs by separation
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Figure 4.1. Distortion of a stress wave over time.

of collagen fibers and then separation from the local insertion site. Similar behavior
across multiple experiments (Specimens B, C, and D in the appendix) indicate that
failure by avulsion is preceded by extensive damage to the surrounding tissue.
It is important to note that this sequence of damage formation is not evidence or
present in every experiment. For example, even though Specimen A (in the appendix)
exhibits avulsion, there is no evidence of striation since the damage forms outside of
the frame. However, the progression after the initial damage formation is captured,
helping to provide a more complete picture. Another example is provided by Specimen
F (in the appendix), where the primary failure mode is rupture. In fact, no damage
is apparent in the high speed imagery until the ligament begins to retract into the
frame due to a sudden release in load.
The mixed modes of failure present a significant challenge during the modeling
of the tissue’s response. Since the failure of individual collagen fibers is not the only
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form of damage occurring within the specimen, a more detailed model is needed than
is currently available [3, 6, 7, 30].
Short of modeling the failure mechanisms, a simple tension model may be used to
model the initial portions of the ligament’s response. Despite the broad range of strain
rates (0.01/s to 700/s), the high degree of variability between individual specimens
of the medial collateral ligament makes it unlikely that the model will align with any
of the experiments (Figure 3.7). However, the model is able to reconstruct the initial
portions of the high strain-rate experiments with little error. The same cannot be
said about the low strain rate experiments even though the initial curve fit was much
more accurate. Inclusion of stretch-based failure models: [3, 6, 7, 30], would provide
another degree of accuracy even to a simple tension model. If the stress-response of
the model could be degraded by individual fiber failure, the model’s prediction after
successive passes of the stress wave could be reduced to match experimental data
(Figure 4.4).
The study of strain rate sensitivity is also not trivial. Even with the aid of a simple
model to reduce the quantity of data, the large scatter associated with biological
tissues makes the determination of strain rate sensitivity difficult. However, given
that the data has nearly equal amounts of scatter at each strain rate (Figure 3.7) and
that more experiments will only contribute more to the current scatter, the medial
collateral ligament of rat knee shows relatively no rate sensitivity.
Current failure models rely on the response of individual collagen fibers to capture
the failure response of fibrous tissue, but experiments have proven what has been
suspected by others that multiple failure modes occur within any given specimen.
As techniques advance, models will grow to include temperature, strain-rate, and
geometric dependencies. Also, despite the fact that only two primary failure modes
have been formally identified: rupture and avulsion; the experimental data shows
more phenomena occurring than can currently be explained with these two primary
modes. Phase contrast imaging has proven to be a very useful tool, especially for
observing damage formation. The use of x-rays provides a through-thickness glimpse
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at the failure of a specimen, otherwise not possible via visible light. In the case of
fibrous tissue, the crimping pattern and tensioning of fibers can be observed with
relative ease. During any damage formation event, voids within the tissue can be
observed as fibers separate form each other. The final failure of the ligament can be
capture using high frame rates, allowing the observation of tearing and separation
from the local insertion site.
Over all, the use of a Kolsky bar provides data in the strain rate range not commonly experienced by fibrous tissues. However, for those few events which may induce
high strain rates in a material, the Kolsky bar is a useful tool for characterizing the
response and failure. Without the use of a Kolsky bar, experimental data would be
limited to low strain rates, and effects related to viscosity, inertial, and strain rate
would remain unknown and the likelihood of capturing damage formation events with
an imaging system would decrease significantly.
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Figure 4.2. Specimen E: Damage formation near femoral insertion
site of medial collateral ligament.
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Figure 4.3. Specimen E: Close up of damage formation near femoral
insertion site of medial collateral ligament.
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Figure 4.4. Prediction of specimen response after second stress wave.
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5. Summary
The integration of x-ray phase contrast imaging with a tension Kolsky bar to study the
dynamic damage behavior of fibrous tissue has provided deeper insight in the injury
behavior of the medial collateral ligament. Currently, a majority of experimental
work on fibrous tissue is based in the lower strain rates, but because tendons and
ligaments play such a crucial role in the mobility of a living organism, characterization
of their properties should not be limited to one strain rate regime. Exploration of the
response of collagen fiber structures at higher strain rates has revealed a dependence
of the stress response on strain rate. Despite significant scatter encountered during
experiments on biological tissues, the stress-strain behavior may be summarized using
a modified Mooney-Rivlin model to account for strain rate effects.
Understanding the rapidity of damage formation has led to the use of high speed
phase contrast imaging at Argonne National Laboratory Beamline 32ID, imparting
the first in-situ through-thickness observation of a fibrous tissue loaded at high strain
rates. Although similar experiments may be conducted at low strain rates, the relative certainty of capturing damage formation events is increased significantly as
the experiment duration approaches the failure event duration. Results of efforts at
Argonne National Laboratory have exposed these interesting phenomena to general
observation, including failure of individual fibers before and after the primary failure
event. However, with regards to the other primary failure mode: rupture, the likelihood of capturing said event via x-ray PCI is relatively low for an specimen with
a gage length larger than the x-ray window. Regardless of the system in use (x-ray
PCI or visual light), a highly detailed description of the failure process of tissue can
be obtained, providing deeper insight into the behavior of fibrous tissue.

46

47

6. Future Work
While there exist damage models for fiber failure within a tendon or ligament, prediction of rupture or avulsion is not currently available. In order to further quantify
the results discovered during this study, further analysis into the behavior of collagen
fibers at their insertion sites is necessary. However, with these initial steps toward
identifying the strain rate dependent behavior of the medial collateral ligament, a
more detailed dynamic response model is possible, requiring only the addition of
failure criteria and the inclusion of localized failure events.
The periodic unloading experienced during the dynamic experiments can be alleviated via another Kolsky bar technique. By utilizing a bar of longer length and/or
lower wave speed, the duration of the stress wave can be elongated significantly. Although it is not possible to use this type of Kolsky bar at Beamline 32ID for high speed
x-ray PCI, this technique could be used to perform a more detailed characterization
of stress-strain behavior at a multitude of strain rates. This type of Kolsky bar would
provide experimental data in the form of a single stress strain curve, interrupted only
by failure of the specimen.
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7. Recommendations
7.1

Experimental Considerations
A sufficient number of experiments should be performed at each strain rate, es-

pecially if the material in question is notoriously prone to scatter. Even the most
sophisticated filtering algorithms and data reduction schemes cannot replace experiments that have skewed data. Sometimes experimental results simply cannot be used
either due to electrical noise or an odd decrease and even negative response during
initial loading.

7.2

X-Ray Beam Damage
The use of high-energy x-rays can be severely damaging to tissue (Figure 7.1.

After multiple exposures with a duration of 10 µs, the water with in the specimen
will have been evaporated and voids begin to form within the tissue. Visual inspection
reveals charring of the ligament and bone exposed to the x-rays. Sufficient care must
be taken to reduce x-ray exposure time to a bare minimum to preserve the tissue’s
response.

7.3

Ligament Preparation
The medial collateral ligament of rat knee is a very small tissue sample roughly

7 mm long and 1 mm wide. Excision of the ligament requires about 10 minutes
from amputation of the leg to cleaning off muscle tissue and separating the knee. In
addition, the ligament requires only a few minutes to show the effects of desiccation
through discoloration and an alteration in texture. The ligament must be kept moist
at all times throughout preparation.
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Figure 7.1. Severe damage caused by x-ray exposure.

APPENDICES
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A. High Speed Imagery: Specimen A
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Figure A.1. Initial damage formation near femoral insertion site of
medial collateral ligament.
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Figure A.2. Load profile during initial damage formation.
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Figure A.3. Primary failure near femoral insertion site of medial collateral ligament.

55

Figure A.4. Load profile during the primary failure event.
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B. High Speed Imagery: Specimen B

Figure B.1. Primary failure near femoral insertion site of medial collateral ligament.
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Figure B.2. Primary failure near femoral insertion site of medial collateral ligament (cont.).
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Figure B.3. Load profile during the primary failure event.
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Figure B.4. Load profile during the primary failure event (cont.).

60

C. High Speed Imagery: Specimen C
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Figure C.1. Primary failure near femoral insertion site of medial collateral ligament.
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Figure C.2. Load profile during the primary failure event.
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Figure C.3. Load profile during the primary failure event (cont.).
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D. High Speed Imagery: Specimen D
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Figure D.1. Primary failure near femoral insertion site of medial collateral ligament.
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Figure D.2. Load profile during the primary failure event.
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E. High Speed Imagery: Specimen E
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Figure E.1. Initial damage formation near femoral insertion site of
medial collateral ligament.
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Figure E.2. Load profile during initial damage formation.
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Figure E.3. Primary failure near femoral insertion site of medial collateral ligament.
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Figure E.4. Load profile during the primary failure event.
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F. High Speed Imagery: Specimen F
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Figure F.1. Rebound of medial collateral ligament after rupture occurring out-of-frame.
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Figure F.2. Load profile during the primary failure event.
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G. Typical Kolsky Bar
A typical Kolsky bar consists of an impacter, an incident bar, a transmission bar,
and a momentum trap (Figure G.1), although the momentum trap is usually not
required [31]. A Kolsky bar can be used to characterize material response at various
strain rates between 100/s and 10000/s. The state-of-the-art of Kolsky bar technology
involves not only blunt impact and square stress waves, but now involves the concept
of stress equilibrium and shaped stress waves.

Figure G.1. A typical compression Kolsky bar.

A Kolsky bar experiment involves four main events: impact of the striker with the
incident bar, passage of the incident stress wave, partial reflection of the incident stress
wave from the same, and partial transmission of the incident stress wave through the
sample into the transmission bar. The entire experiment is governed by the wave
equation, Equation G.1, which has a general solution in the form of Equation G.2.
In this case, Equation G.2 may represent a wave running in one of two directions.
∂ 2u
1 ∂ 2u
=
∂x2
c2 ∂t2

(G.1)

u(x, t) = F (x − ct) + G(x + ct)

(G.2)
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In order to express the wave equation in terms of stress, relationship between
stress and strain is required. Assuming the material is linearly elastic, Equation G.3
can be used to transform Equation G.1 into Equation G.6 through Equations G.4
and G.5.

σxx = E

G.1

∂u
∂x

(G.3)

∂ ∂ 2u
1 ∂ 2u
( 2 − 2 2)=0
∂x ∂x
c ∂t

(G.4)

1 ∂ 2 ∂u
∂ 3u
−
=0
∂x3 c2 ∂t2 ∂x

(G.5)

∂σ
1 ∂ 2σ
= 2 2
∂x
c ∂t

(G.6)

Impact Velocity

Considering a semi-infinite bar, with a stress wave originating at the interface
(Figure G.2), providing the initial condition:
σxx (0) = σ0 f (t)

(G.7)

Figure G.2. A pre-stressed semi-infinite bar

With a rightward running wave in Figure (figure), the general solution becomes
Equation G.8. By taking the first derivative with respect to time, the particle velocity
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can be found as in Equation G.9. Likewise the stress state can be deduced by taking
the first derivative with respect to the x direction as in Equation G.10. These two
equations can be solved to find a relationship between stress state and particle velocity
(Equation G.11), which indicates the required impact velocity to generate a square
stress wave of a desired amplitude in a linearly elastic material.

u(x, t) = F (x − ct)

(G.8)

∂u
∂(x − ct)
= F 0 (x − ct)
= −cF 0 (x − ct)
∂t
∂t

(G.9)

σxx = E

∂u
∂(x − ct)
= EF 0 (x − ct)
= EF 0 (x − ct)
∂x
∂x

vp =

G.2

∂u
σxx
=−
∂t
ρc

(G.10)

(G.11)

Impedance

The most common type of Kolsky bar is the compression Kolsky bar similar to
that in Figure G.1. However, the Kolsky Bar has been adapted for other types of
loading, specifically tension and shear. The concept of impedance is most apparent in
the application of a tension Kolsky bar (Figure G.3), where the striker is of different
geometry and potentially different material than the incident bar.

Figure G.3. A typical tension Kolsky bar.
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In general, for to bars of different size in contact with an incident stress wave
propagating through as in Figure G.4, the interface will cause part of the stress
wave to reflect and the rest to transmit. The respective waves can be represented
by Equations G.12. By identifying conditions at the interface: force, displacement,
and velocity; a relationship between the three waves can be constructed. With an
assumption that the two bars remain in contact with passage of the stress wave,
it becomes obvious that the force in each bar must be the same (Equations G.13),
the displacements are equal (Equations G.14), and the particle velocities are equal
(Equations G.15).

Figure G.4. Two contacting bars of different size and material

σI = fI (x − c1 t)
σR = fR (x + c1 t)

(G.12)

σT = fT (x − c2 t)
A1 (σI + σR ) = A2 σT

(G.13)

uI + uR = uT

(G.14)
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vI + vR = vT

(G.15)

From the previous relation between stress and particle velocity (Equation G.11)
and Equations G.12, Equations G.13 and G.15 can be solved for the relationship
between incident, reflected, and transmitted waves (Equations G.16). The mechanical
impedance ratio can be identified as in Equation G.17.
fR
r−1
=
fI
r+1
fT
A1 2r
=
fI
A2 r + 1
r=

ρ 2 A 2 c2
ρ 1 A 1 c1

(G.16)

(G.17)

From Equation G.17, four conditions becomes apparent. The first condition occurs
while both of the contacting bars are of equivalent materials and the impedance ratio
is unity (Figure G.5 (r = 1)). With this condition, the incident stress wave passes
entirely across the interface with no reflection. The second condition is that of a free
surface, with an impedance ratio of zero, there a single bar (Figure G.5 (r = 0)).
Under this condition, the incident stress wave reflects entirely with opposite sign.
The third condition is that of finite value and neither unity or zero. This results
in finite values for the three waveforms with the reflected being opposite sign of
the incident and transmitted waveforms (Figure G.5 (r 6= 0, 1)). The fourth an
final condition occurs with a rigid boundary (Figure G.5 (r = ∞)). Under this
condition, the impedance ratio becomes infinite and results in full reflection of an
incident stress wave with the same sign. Although, the rigid boundary experiences
twice the amplitude of the incident stress wave in order to maintain force equilibrium.

G.3

Kolsky Bar Experiment

With an basic understanding of a stress wave and how the wave travels across
an interface, the stress and strain within a specimen can be calculated using the
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Figure G.5. Impedance ratios (r) for various interfaces: (r = 1) Two
bars of the same size and material. (r = 0) A single bar with a free
surface. (r 6= 0, 1) Two bars of different size or material. (r = ∞) A
bar with one fixed end.

incident, reflected, and transmitted stress waves. In addition, the strain rate and
stress equilibrium can be deduced and utilized to validate the correct experimental
conditions.

Figure G.6. A compression Kolsky bar with specimen.

As a dynamic experiment, the specimen in a typical compression Kolsky bar will
have a net velocity as well as a changing strain. The strain rate can be inferred from
the velocity of each end of the specimen (Equation G.18). Assuming the Kolsky bar
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Figure G.7. A tension Kolsky bar with specimen.

is constructed from a linearly elastic material, Equations G.19 and G.20 may be used
to obtain the strain rate experienced by the specimen (Equation G.21). Integration
of Equation G.21 with respect to time yields the specimen strain as a function of time
for the duration of the experiment (Equation G.22).

˙ =

∂
∂ ∆L
∆V
v1 (t) − v2 (t)
=
=
=
∂t
∂t L
L
L
v1 (t) = c1 (I (t) − R (t))

(G.19)

v2 (t) = c2 T (t)

(G.20)

˙ =

Z

c1 (I (t) − R (t)) − c2 T (t)
L

t

Z
˙dτ =

S =
0

(G.18)

0

t

c1 (I (τ ) − R (τ )) − c2 T (τ )
dτ
L

(G.21)

(G.22)

The remaining component of the resulting stress-strain curve from a Kolsky bar
Experiment is the specimen stress history. By extrapolating the two bar system
in Figure G.5 (r 6= 0, 1) to represent a specimen between two like bars, Equations
G.16 can be used to calculate the specimen stress state from the incident, reflected,
and transmitted stress waves. In order to calculate the specimen stress state, the
necessary stress components must be identified as in Figure G.8. By accounting for
the stress in the incident and transmission bars, the stress state in the specimen can
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be expressed as an average of the three stress waves and the specimen cross-sectional
area (Equation G.23).

Figure G.8. Specimen loading conditions during a compression Kolsky
bar experiment.

σS =

G.4

AI EI (I + R ) + AT ET T
2AS

(G.23)

Stress Equilibrium and Strain Rate Constancy

In a conventional sense, a stress-strain curve obtained from a Kolsky bar experiment describes the behavior of the material composing the specimen. For quasi-static
experiments, the concept of force equilibrium is utilized in order to specify a static
system with acceleration of zero. Due to the nature of a Kolsky bar experiment,
this assumption is not valid and the data obtain must be validated. From Figure
ASDF, the load on each end of the specimen can be identified. In order for the obtained stress-strain curve to be characteristic of the specimen material, the specimen
must be uniformly deformed. For this to be the case, the component of the incident
wave that is transmitted through to the specimen must reflect within the specimen a
number of times, resulting in the specimen being near rigid body motion. Now, the
stress amplitude at the interfaces should be near equal (albeit with some time delay)
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as in Equation G.24. By analyzing the experimental data, a judgment can be made
regarding the validity of the experiment.

σI + σR = σT

(G.24)

Another factor effecting the validity, or rather the application, of the stress-strain
curve obtained from a Kolsky bar experiment is strain rate constancy. Many modern
material models depend upon strain rate, requiring that a given stress-strain curve
also have a known strain-rate history. This is more easily accomplished if the stressstrain curve is obtained during an experiment with constant strain-rate.
Strain rate constancy can be achieved using what is often referred to as the art
of pulse shaping [32]. However, there is a simple correlation between pulse shaper
geometry and the resulting stress wave. Figure G.9 illustrates the usage and effect
of a pulse shaper on the stress wave. By varying the size (diameter and thickness)
of a pulse shaper, any desired wave form may be generated during a Kolsky bar
experiment.
In general, determination of the dimensions of a pulse shaper rely upon the stressstrain curve of the specimen. The typical procedure for determining the necessary waveform for strain-rate constancy is fairly simple. Initially, an approximate
impedance ratio between the Kolsky bar and the specimen must be established based
on geometry alone. If the specimen is much smaller or much softer than the bar
material, the necessary pulse shaper must only smooth out transients in the incident
stress wave. However, if the impedance is more significant, the pulse shaper must
be sized appropriately. In this case, the expected behavior of the material must be
considered. If the material is brittle, and ramp loading is desirable, and a relatively
large pulse shaper should be used. On the other hand, if the material is ductile,
either a concave or convex bilinear stress wave is desirable. A large number of pulse
shaper geometries are able to satisfy this condition and a few experiments should be
conducted.
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When an experiment is necessary to identify the correct pulse shaper geometry,
the reflected and transmitted waveforms should be used as indicators for strain-rate
constancy and desired waveform shape. Typically, the desired incident waveform is
of the same shape as the transmitted waveform, significant deviation from this shape
will result in significant variations in stress-strain behavior. Once the desired incident
waveform and strain rate are know, the necessary pulse shaper size can be determined
through a series of experiments. By varying either the thickness or diameter of the
pulse shaper, the strain rate can be effected to produce strain rate constancy (Figure
G.9). However, a major fault with this technique is that a specimen must be used in
each experiment while fine tuning the pulse shaper.

Figure G.9. A simplistic guide to pulse-shaper selection for soft materials. An increase in pulse shaper thickness has a similar effect on
strain rate constancy as decreasing pulse shaper diameter.
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H. Modified Kolsky Bar
Similar to the typical Kolsky bar, a modified Kolsky bar consists of an impacter and
an incident bar. However, in place of the transmission bar is a load cell (Figures
H.1 and H.2) [22, 28, 29]. There presence of the load cell represents a fixed boundary
where the specimen particle velocity is expected to remain zero. This results in a
slightly different method for data analysis, but is necessary for experiments where
the expected failure load is so minute that the transmission bar from a typical Kolsky
bar would move by an immeasurable amount.

Figure H.1. A modified compression Kolsky bar.

Figure H.2. A modified tension Kolsky bar.
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The data analysis process for a modified Kolsky bar experiment is slightly less
complicated than for typical Kolsky bar experiments. With the lack of a transmission
bar, the load signal can be directly converted into specimen stress simply by dividing
by the specimen cross-sectional area (Equation H.1). Further analysis into to motion
of the specimen is necessary and will reveal a boundary condition on the load cell end
of the specimen where the particle velocity is zero. Be recognizing that Equation H.2
is true, Equation G.21 can be simplified to result in Equation H.3 which is the strain
rate of the specimen during a modified Kolsky bar experiment.

σS =

F
AS

(H.1)

v2 (t) = c2 T (t) = 0

(H.2)

c1 (I (t) − R (t))
L

(H.3)

˙ =

Data analysis follows that of the typical Kolsky bar experiment except for that
of stress equilibrium, which is no longer directly available. In fact, for the modified
Kolsky bar experiment, the specimen is assumed to be of sufficiently small size or
softness relative to the bar material that a transmission bar will not receive a stress
wave of measurable amplitude and that the specimen length is sufficiently short such
that any wave will be able to reflect within the sample a large number of times
[22, 28, 29].
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